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ABSTRACT
The objective of the present study was to investigate 
the phenotypic inter- and intra-relationships within and 
among alternative feed efficiency metrics across differ-
ent stages of lactation and parities; the expected effect 
of genetic selection for feed efficiency on the resulting 
phenotypic lactation profiles was also quantified. A total 
of 8,199 net energy intake (NEI) test-day records from 
2,505 lactations on 1,290 cows were used. Derived ef-
ficiency traits were either ratio based or residual based; 
the latter were derived from least squares regression 
models. Residual energy intake (REI) was defined as 
NEI minus predicted energy requirements based on lac-
tation performance; residual energy production (REP) 
was defined as net energy for lactation minus predicted 
energy requirements based on lactation performance. 
Energy conversion efficiency was defined as net energy 
for lactation divided by NEI. Pearson phenotypic cor-
relations among traits were computed across lactation 
stages and parities, and the significance of the differences 
was determined using the Fisher r-to-z transformation. 
Sources of variation in the feed efficiency metrics were 
investigated using linear mixed models, which included 
the fixed effects of contemporary group, breed, parity, 
stage of lactation, and the 2-way interaction of parity 
by stage of lactation. With the exception of REI, parity 
was associated with all efficiency and production traits. 
Stage of lactation, as well as the 2-way interaction of 
parity by stage of lactation, were associated with all ef-
ficiency and production traits. Phenotypic correlations 
among the efficiency and production traits differed not 
only by stage of lactation but also by parity. For ex-
ample, the strong phenotypic correlation between REI 
and energy balance (EB; 0.89) for cows in parity 3 or 
greater and early lactation was weaker (P < 0.05) for 
parity 1 cows at the same lactation stage (0.81), sug-
gesting primiparous cows use the ingested energy for 
both milk production and growth. Nonetheless, these 
strong phenotypic correlations between REI and EB 
suggested negative REI animals (i.e., more efficient) 
are also in more negative EB. These correlations were 
further supported when assessing the effect on pheno-
typic performance of animals genetically divergent for 
feed intake and efficiency based on parental average. 
Animals genetically selected to have lower REI resulted 
in cows who consumed less NEI but were also in nega-
tive EB throughout the entire lactation. Nonetheless, 
such repercussions of negative EB do not imply that 
selection for negative REI (as defined here) should not 
be practiced, but instead should be undertaken within 
the framework of a balanced breeding objective, which 
includes traits such as reproduction and health.
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INTRODUCTION
Improving feed efficiency is a well-established goal 
in many species and is highly relevant given current 
international concerns regarding greenhouse gas emis-
sions, nutrient losses, and water quality (Leip et al., 
2015). Therefore, identifying more efficient animals 
that produce the same quantity of product using fewer 
resources is highly desirable. Feed efficiency in some 
species has improved substantially in recent decades 
although this trend has not been as rapid in other spe-
cies, especially ruminants. The ratio of energy ingested 
versus energy output in usable product for dairy cows 
is much worse than both pigs and poultry (Havenstein 
et al., 1994; Losinger, 1998). Therefore, improving feed 
efficiency in ruminants is particularly important. It is 
also important to unravel the correlation structure of 
feed efficiency across the productive life of the cow and 
to understand the repercussions of genetic selection 
for the feed intake complex on the resulting lactation 
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profiles of feed efficiency and related traits (e.g., energy 
balance; EB).
The contribution of breeding to improvements in 
feed efficiency is well recognized (Cahaner and Siegel, 
1986; Havenstein et al., 1994, 2003). In poultry, the 
kilograms of feed required to produce a kilogram of 
meat (i.e., feed conversion ratio) was predicted to have 
decreased by 50% and growth rate increased by over 
400%, between the years 1960 and 2005 (Zuidhof et 
al., 2014). Also, in broilers, Sherwood (1977) and Ha-
venstein et al. (2003) showed that approximately 85 
to 90% of the improvements in feed efficiency are due 
to genetics. Although response to selection for a trait 
can be predicted using selection index theory (Smith, 
1936), accurate predictions require a large population 
of phenotyped animals to accurately estimate the nec-
essary genetic parameters. Nonetheless, in the absence 
of precise estimates of genetic parameters, especially 
the necessary genetic (co)variances, it is possible to 
elucidate the response to selection through examina-
tion of phenotypic performance of animals divergent 
in genetic merit for the trait of interest (which does 
not include their own phenotypic information). Such a 
strategy could be useful in lactating dairy cows where 
data to estimate precise genetic parameters are limited.
The focus of the present study was, therefore, to ac-
curately quantify the phenotypic inter- and intra-rela-
tionships among alternative feed efficiency metrics and 
other performance traits across parities and lactation 
stages in lactating dairy cows; the expected effect of ge-
netic selection for efficiency on the resulting phenotypic 
lactation profiles was also quantified.
MATERIALS AND METHODS
Data
Data were collected from the Animal and Grassland 
Research and Innovation Centre, Teagasc Moorepark, 
Fermoy, Co. Cork, Ireland, between the years 1995 to 
2014, inclusive. Cows that participated in the current 
study originated from several controlled experiments 
that evaluated alternative grazing strategies, nutrition-
al experiments, or strains of Holstein-Friesian animals; 
see O’Neill et al. (2013) for a full description of the da-
tabase. The Holstein-Friesian animals consisted of dif-
fering genotypes originating from different populations 
(Kennedy et al., 2003; Buckley et al., 2007; McCarthy 
et al., 2007; Coleman et al., 2010). All experiments 
were performed on 2 adjacent research farms in south-
ern Ireland (latitude 52°9′ N, longitude 8°16′ W). Grass 
DMI for each cow at pasture was periodically estimated 
using the n-alkane technique (Mayes et al., 1986). 
Procedures used to gather and analyze fecal samples 
are described in Kennedy et al. (2008). All cows were 
offered a basal diet of grazed grass. Swards consisting 
primarily of perennial ryegrass (Lolium perenne) were 
managed under a rotational grazing system comparable 
to that detailed by Dillon et al. (1995). Some animals 
were supplemented with concentrate feed (depending 
on feeding protocol), varying from 0.89 to 4.0 kg of 
DM per cow daily, offered in equal feeds during each 
milking.
Cows were milked twice daily. Individual cow milk 
yield was recorded daily, whereas milk fat, protein, and 
lactose concentration was determined from successive 
morning and evening milk samples once per week us-
ing mid-infrared spectroscopy (FT6000, Foss, Hillerod, 
Denmark). Net energy requirement for lactation was 
calculated using the following formula according to 
Agabriel (2007):
 
NE FC PC LC  
 milk kg,
L = × + × + × −( )
×
0 054 0 031 0 028 0 015. . . .
 
where FC is fat concentration (%), PC is protein con-
centration (%), and LC is lactose concentration (%).
Individual animal BW was largely measured weekly 
following morning milking using electronic scales (Tru-
Test Limited, Auckland, New Zealand). The scales were 
calibrated weekly against known loads. Body condition 
score on a scale of 1 (emaciated) to 5 (obese) was as-
sessed by trained scorers every 2 to 3 weeks in incre-
ments of 0.25 (Edmonson et al., 1989). Cubic splines 
were fitted through individual BW and BCS test-day 
records as described elsewhere (Hurley et al., 2016).
Individual cow daily total DMI (i.e., grazed pasture 
DMI plus concentrate DMI) was available up to 8 times 
(average of 4.5 times) per lactation. Energy values of 
the pasture and concentrate were based on the French 
net energy system where 1 unité fourragère lait (UFL) 
is the net energy requirement for lactation equivalent 
to 1 kg of standard air-dried barley (Jarrige et al., 
1986), equivalent to 7.11 MJ of net energy or 11.85 
MJ of ME. The offered herbage UFL concentration was 
calculated using the ADF and CP concentration, which 
were quantified in the laboratory (Jarrige, 1989). Con-
centrate UFL value was determined from the chemical 
composition of the feed. Where the net energy content of 
the offered herbage (UFL/kg of DM) was not available 
(i.e., 10% of test-day records), the year-month average 
was assumed. Where the net energy content of the of-
fered concentrate (UFL/kg of DM) was not available 
(i.e., 20% of test-day records), the year-month average 
was assumed. The sum of pasture and concentrate NEI 
were used to define total net energy intake (NEI).
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Data Editing
Obvious data errors for BW, BCS, and the milk 
production traits (e.g., milk yield, fat concentration, 
protein concentration, and lactose concentration lower 
than 2 kg, 2%, 2%, and 2%, respectively) were dis-
carded. Only data between 8 and 280 DIM were re-
tained as limited data existed after 280 DIM. Parity 
was categorized as 1, 2, and ≥3. Contemporary group 
of experimental treatment by test-date was defined for 
NEL, NEI, BW, and BCS. Contemporary groups with 
less than 5 observations were discarded. Following edits, 
the final data set consisted of 95,455 test-day records 
from 2,505 lactations on 1,290 Holstein-Friesian cows; 
8,199 individual feed intake measurements remained.
Estimates of Energy Efficiency and Energy Balance
Definitions of all traits have been previously described 
in detail by Hurley et al. (2016). Energy balance for 
each test day was calculated in accordance with the net 
energy system outlined by Jarrige (1989) and modified 
for Irish dairy systems by O’Mara (1996):
 EB NE NE NE NE NE ,I L M P= − − − −∆  
where NEI is daily net energy intake, ΔNE is an adjust-
ment of daily net energy intake for the proportion of 
concentrates in the diet, NEL is the daily net energy 
requirements for lactation, NEM is daily net energy 
requirements for maintenance calculated as (1.4 + 0.6 
× BW/100) × 1.2, and NEP is daily net energy require-
ments for pregnancy where UFL requirements for the 
6th, 7th, and 8th month of pregnancy were 0.9, 1.6, and 
2.6, respectively (O’Mara, 1996).
Residual-Based Efficiency Traits. Residual en-
ergy intake (REI) for each day of the lactation was 
defined as the residuals from the regression of NEI on 
energy sinks and other energy sources as
 

























where REI is daily residual energy intake, NEI is daily 
net energy intake, NEL is daily net energy requirements 







DIM  is DIM in-
cluded as a continuous variable with a linear (i = 1) 
and quadratic effect (i = 2), and BW0.75 is metabolic 
BW. The energy generated from a 1 kg loss in BW is 
less than the energy required for a 1-kg gain in BW 
(O’Mara, 1996); therefore, piecewise regression was ap-
plied to BW and BCS in the REI model where ΔBW+ 
describes animals gaining BW and ΔBW− describes 
animals losing BW, whereas ΔBCS+ describes animals 
gaining BCS and ΔBCS− describes animals losing BCS. 
No multicollinearity existed in the multiple regression 
model. The partial regression coefficients of the REI 
model are outlined in Hurley et al. (2016).
Analogous to residual gain in growing cattle (Koch et 
al., 1963), residual energy production (REP) for each 
day of lactation was derived from the residuals of a 
least squares regression model regressing net energy of 
lactation on NEI plus energy sinks and other energy 
sources, similar to that described by Coleman et al. 
(2010).
 

























where NEL is daily net energy requirements for lacta-








DIM  is DIM included as a continuous variable 
with a linear and quadratic effect, BW0.75 is metabolic 
BW, ΔBW+ describes animals gaining BW, ΔBW− de-
scribes animals losing BW, ΔBCS+ describes animals 
gaining BCS, and ΔBCS− describes animals losing 
BCS. No multicollinearity existed in the multiple re-
gression model.
Analogous to residual intake and gain as defined by 
Berry and Crowley (2012) in growing cattle, residual 
intake and energy production (RIEP) was defined us-
ing both REI and REP, each standardized to have a 
variance of 1:
 RIEP = REP REI − , 
where REP  is residual energy production standardized 
to a variance of 1, and REI  is residual energy intake 
standardized to a variance of 1.
Ratio-Based Efficiency Traits. Energy conver-
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where NEL is daily net energy requirements for lacta-
tion, and NEI is daily net energy intake.








where NEI is daily net energy intake, NEL is net energy 
requirements for lactation, and BW0.75 is metabolic 
BW.







where NEI is daily net energy intake, and BW
0.75 is 
metabolic BW.
Kleiber ratio (KR; Kleiber, 1961) in growing animals 
is defined as ADG divided by metabolic BW. An analo-







where NEL is the net energy requirements for lactation, 
and BW0.75 is metabolic BW.
Statistical Analysis
Pearson correlation coefficients among traits were 
computed within each lactation stage, and the signifi-
cance of the differences in the same pairwise correla-
tions between parities and between lactation stages was 
determined using the Fisher r-to-z transformation. For 
the purpose of calculating the effect of stage of lacta-
tion and parity on the correlation among traits, stage of 
lactation was stratified into stages (8 to 90 DIM, from 
91 to 180 DIM, and >180 DIM) and parity was defined 
as 1, 2, and ≥3.
Linear mixed models in ASReml (Gilmour et al., 
2009) were used to quantify the factors associated with 
each of the efficiency and production traits. Fixed ef-
fects treated as categorical variables were contempo-
rary group, parity (1, 2, and ≥3), stage of lactation 
(9 classes: 8–30, 31–60, …, 241–280 DIM), and the 
interaction between stage of lactation and parity. The 
proportion of Friesian and “other breeds, excluding 
Holstein” (Holstein was not included to avoid linear 
dependency in the model) were both treated as con-
tinuous variables. Within- and across-lactation animal 
permanent environmental effects were considered as 
random effects.
Supplementary analyses were undertaken to char-
acterize the profiles of lactations divergent for mean 
lactation REI. Lactations were stratified into high and 
low (i.e., high or low 10%) mean lactation REI, but 
a restriction was imposed that only lactations with 
a minimum of 3 REI values where one record had to 
be <60 DIM and another had to be >150 DIM; after 
edits, the data set contained 3,315 records from 622 
lactations on 512 cows. A mixed model in ASReml 
(Gilmour et al., 2009) was then fitted with REI as the 
dependent variable and the same fixed effects as pre-
viously described; however, a within-lactation animal 
permanent environmental effect was the only random 
effect considered. The cow-lactation solutions for REI 
were stratified into 2 categories (i.e., high or low 10%); 
in this instance “low” means closer to minus infinity 
(more efficient) and “high” means closer to plus infinity 
(less efficient). A mixed model with the fixed effects 
of contemporary group, parity (1, 2, and ≥3), stage of 
lactation (9 classes: 8–30, 31–60, …, 241–280 DIM), 
and REI category (n = 3; high, low, in between) was 
then used where the dependent variable was all of the 
performance and efficiency traits; an interaction be-
tween the REI category and lactation stage was also 
considered in the model as a fixed effect. Cow lactation 
was fitted as a random effect. Least squares means of 
the dependent variable for the high and low REI strata 
were compared.
Genetic Evaluation
A genetic evaluation was undertaken for NEI, ECE, 
REI, REP, and RIEP with the purpose of character-
izing animals divergent in genetic merit for each of the 
5 measures. All data used in the genetic evaluation 
were across an entire lactation (i.e., 8 to 280 DIM). 
A validation data set was generated which included 
animals with phenotypic records masked in the genetic 
evaluation. Cows in the validation data set were those 
that had phenotypic records in the years 2012 to 2014; 
all of their records were masked in the genetic evalua-
tion including if the cow appeared in years earlier than 
2012. A restriction was also imposed that cows in the 
validation data set had to have at least 3 paternal half-
sibs with the respective phenotype in the years before 
2012 and thus included in the genetic evaluation; the 
validation data set contained 947 test-day records from 
249 cows. Data in the genetic evaluation consisted of 
7,291 test-day records from 2,006 lactations on 1,094 
cows. A pedigree file, of at least 4 generations (where 
available), was produced for all animals included in the 
study; 8 animals with no recorded sire were discarded. 
The average number of daughters per sire was 5.78.
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Breeding values for NEI, ECE, REI, REP, and RIEP 
were predicted for the 249 validation cows via their 
pedigree relationships using a mixed model in ASReml 
(Gilmour et al., 2009). The model fitted was the same 
as previously described; however, an animal additive 
genetic effect was added as a random term. The EBV 
for all of NEI, ECE, REI, REP, and RIEP were strati-
fied, within trait, into 3 groups of low, medium, and 
high; in this instance “low” means closer to minus infin-
ity and “high” means closer to plus infinity. Subsequent 
to this, a mixed model with the fixed effects of contem-
porary group, parity (1, 2, and ≥3), stage of lactation 
(9 classes: 8–30, 31–60, …, 241–280 DIM), and the 
stratum (i.e., high, average, low) of EBV for each of the 
5 traits singly was used to determine the association 
between EBV for NEI, ECE, REI, REP, and RIEP and 
phenotypic performance; an interaction between EBV 
stratum and lactation stage was also considered in the 
model as a fixed effect to determine if the association 
between EBV and phenotypic performance differed 
across stages of lactation. Animal lactation was fitted 
as a random effect. Least squares means of the high 
and low EBV for NEI, ECE, REI, REP, and RIEP were 
compared.
RESULTS
Factors Associated with the Efficiency  
and Production Traits
The least squares means for EB, the efficiency and 
production traits for parity 1, 2, and ≥3 cows are in 
Table 1. Least squares means for NEI, NEL, and BW
0.75 
across lactations are in Figure 1. Least squares means 
for EB and some efficiency traits across stages of lac-
tation are in Figure 2. The mean, genetic standard 
deviation (σg), heritability, and repeatability for EB, 
the efficiency traits, and the production traits are in 
Table 2. Heritability estimates for the efficiency traits 
ranged from 0.05 (REI) to 0.21 (REP and KR). With 
the exception of REI, parity was associated (P < 0.05) 
with all efficiency and production traits. Stage of lac-
tation, as well as the 2-way interaction of parity by 
stage of lactation, were associated (P < 0.001) with all 
efficiency and production traits. The observed effect of 
the 2-way interaction of parity by stage of lactation on 
the efficiency traits as well as the production traits was, 
however, biologically small (Figure 3). The proportion 
of Friesian in the cow was not associated (P > 0.05) 
with ECE, RIEP, MWT, and NEL.
Correlations
Pearson correlations among the efficiency traits, the 
production traits, and EB for the entire data set are 
in Table 3. Residual energy intake was positively phe-
notypically correlated with NEI (0.72) and negatively 
phenotypically correlated with ECE (−0.56). Residual 
intake and energy production was positively phenotypi-
cally correlated with REP (0.84) but negatively phe-
notypically correlated with REI (−0.84). Phenotypic 
correlations between a given trait in one lactation stage 
with the same trait in another lactation stage are in 
Table 4; phenotypic correlations between a given trait 
in one parity with the same trait in another parity are 
in Table 5. With the exception of KR, correlations were 
all weak for the efficiency traits; in contrast, all produc-
tion traits were moderately to strongly phenotypically 








N Mean N Mean N Mean
EB, UFL/d 2,856 −0.38 (0.10)a  2,522 0.10 (0.10)b  2,314 −0.01 (0.10)b
ECE 2,881 0.60 (0.01)a  2,572 0.61 (0.01)ab  2,376 0.62 (0.01)b
MEff, UFL/kg0.75 2,856 0.06 (0.001)a  2,522 0.06 (0.001)b  2,314 0.004 (0.001)b
FtW, UFL/kg0.75 2,948 0.14 (0.001)a  2,632 0.15 (0.001)b  2,401 0.15 (0.001)b
KR, UFL/kg0.75 31,237 0.08 (0.001)a  27,571 0.09 (0.001)b  25,124 0.09 (0.001)c
REI, UFL/d 2,852 −0.23 (0.09)a  2,519 −0.37 (0.09)a  2,308 −0.33 (0.10)a
REP, UFL/d 2,852 −0.03 (0.07)a  2,519 −0.05 (0.07)ab  2,308 −0.33 (0.07)bc
RIEP, UFL/d 2,852 0.10 (0.07)a  2,519 0.15 (0.07)a  2,308 −0.03 (0.07)a
NEI, UFL/d 2,975 14.02 (0.11)
a  2,689 16.76 (0.11)b  2,470 17.88 (0.12)c
NEL, UFL/d 32,844 8.16 (0.07)
a  29,298 9.86 (0.08)b  26,628 10.72 (0.08)c
BW0.75, kg0.75 33,477 102.93 (0.37)a  29,472 110.80 (0.38)b  26,973 117.29 (0.38)c
BCS, scale 1 to 5 33,483 2.79 (0.01)a  29,608 2.74 (0.01)b  26,978 2.76 (0.01)ab
a–cValues differing in superscript within rows are different (P < 0.05) from each other.
1EB = energy balance; ECE = energy conversion efficiency; MEff = metabolic efficiency; FtW = feed to live-weight; KR = Kleiber ratio; REI 
= residual energy intake; REP = residual energy production; RIEP = residual intake and energy production; NEI = net energy intake; BW
0.75 
= metabolic BW; UFL = unité fourragère lait.
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Figure 1. Least squares means for net energy intake [unité fourragère lait (UFL)/d; - -■- -], NEL (UFL/d; -·-♦-·-), and metabolic BW (kg
0.75; 
—●—) across lactations. The error bars represent the SE per stage of lactation.
Figure 2. Least squares means for energy balance [unité fourragère lait (UFL)/d; _____], energy conversion efficiency (-·-●-·-), residual energy 
intake (UFL/d; - - -), residual energy production (UFL/d; - -■- -), and residual intake and energy production (UFL/d; -··-♦-··-) across lacta-
tions. The error bars represent the SE per stage of lactation.
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correlated. Strong phenotypic correlations between BW 
in one lactation stage with BW in another lactation 
stage existed; strong phenotypic correlations also ex-
isted between BW in one parity with BW in another 
parity with phenotypic correlations never less than 0.82.
The pairwise phenotypic correlations among the ef-
ficiency traits, EB, and NEI within each stage of lacta-
tion (i.e., 8 to 90 DIM, 91 to 180 DIM, and ≥180 DIM) 
by parity (i.e., 1, 2, and ≥3) are in Table 6. The phe-
notypic correlation between REI and EB strengthened 
(P < 0.05) from early to mid lactation and was near 
unity from mid to late lactation irrespective of parity. 
A strong phenotypic correlation existed between REI 
and EB (0.89) for parity 3 or greater animals in early 
lactation, yet the same correlation was weaker (P < 
0.05) at the same stage of lactation in parity one ani-
mals (0.81). The phenotypic correlation between REP 
and ECE (0.59) in parity 1 early lactation animals was 
stronger (P < 0.05) at the same stage than animals in 
parity 2 (0.65) and parity 3 or greater (0.66) animals.
Table 2. Number of records (N), mean, genetic SD (σg), heritability (SE), and repeatability (SE) for EB and 
the efficiency and production traits
Trait1 N Mean σg Heritability Repeatability
EB, UFL/d 7,692 0.54 0.44 0.05 (0.02) 0.10 (0.01)
ECE 7,829 0.60 0.02 0.11 (0.02) 0.16 (0.01)
MEff, UFL/kg0.75 7,692 0.06 0.004 0.06 (0.02) 0.12 (0.01)
FtW, UFL/kg0.75 7,981 0.15 0.01 0.09 (0.02) 0.23 (0.02)
KR, UFL/kg0.75 83,932 0.09 0.01 0.21 (0.04) 0.45 (0.01)
REI, UFL/d 7,679 0.00 0.44 0.07 (0.02) 0.13 (0.02)
REP, UFL/d 7,679 0.001 0.45 0.21 (0.04) 0.34 (0.01)
RIEP, UFL/d 7,679 0.001 0.34 0.09 (0.02) 0.16 (0.02)
NEI, UFL/d 8,134 16.55 0.80 0.10 (0.03) 0.28 (0.02)
NEL, UFL/d 88,770 9.59 0.65 0.20 (0.04) 0.42 (0.001)
BW0.75, kg0.75 89,922 110.21 6.92 0.17 (0.05) 0.92 (0.01)
BCS, scale 1 to 5 90,069 2.85 0.16 0.32 (0.05) 0.76 (0.01)
1EB = energy balance; ECE = energy conversion efficiency; MEff = metabolic efficiency; FtW = feed to live-
weight; KR = Kleiber ratio; REI = residual energy intake; REP = residual energy production; RIEP = residual 
intake and energy production; NEI = net energy intake; BW
0.75 = metabolic BW; UFL = unité fourragère lait.
Figure 3. Least squares means across stage of lactation for net energy intake for parity 1 [unité fourragère lait (UFL)/d; —□—] and parity 
3 (UFL/d; —■—) cows, NEL for parity 1 (UFL/d; —◊—) and parity 3 (UFL/d; —♦—) cows, and energy balance for parity 1 (UFL/d; —Δ—) 
and parity 3 (UFL/d; —▲—) cows across lactation. The error bars represent the mean SE per stage of lactation.
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Lactations Ranked on Residual Energy Intake  
and Energy Conversion Efficiency
The association between EB, ECE, REI, and NEI 
and the REI category (i.e., high and low 10%) was de-
pendent on lactation stage. Figure 4 depicts the least 
squares means of EB, ECE, and REI of either the low 
10% of lactations (n = 62; most efficient) or high 10% 
of lactations (n = 62; least efficient) ranked on REI. 
Lactations from animals ranked in the lowest (i.e., most 
negative) 10% on REI were consistently in negative 
EB and REI throughout lactation which differed (P < 
0.05) from the highest 10% of lactations ranked on REI 
where EB and REI were always positive (Figure 4). 
The lowest ranking lactations on REI ate, on average, 
14.59 UFL per day, which was consistently less (P < 
0.05) when compared with the highest ranking lacta-
tions on REI, which ate, on average, 17.99 UFL per 
day. The lowest ranking lactations on REI produced, on 
average, 9.42 UFL per day (i.e., NEL), which was less 
when compared with the highest ranking lactations on 
REI, which produced, on average, 9.69 UFL per day. 
No difference (P > 0.05) in NEL, BW, and BCS existed 
among the highest and lowest 10% of lactations ranked 
on REI. Where a cow is expected to remain in the herd, 
on average, 4 lactations over a typical 305-d lactation, 
then total NEI saved between lactations divergent on 
REI was 4,148 UFL; this saving is equivalent to three-
Table 3. Phenotypic correlations among the efficiency traits, the production traits, and energy balance (EB) for the entire data set
Trait1 EB ECE MEff FtW KR REI REP RIEP NEI NEL
ECE −0.82
MEff 0.97 −0.81
FtW 0.68 −0.23 0.68
KR −0.31 0.71 −0.33 0.46
REI 0.82 −0.56 0.82 0.82 0.01NS
REP −0.55 0.55 −0.50 0.01NS 0.55 −0.41
RIEP −0.82 0.66 −0.75 −0.45 0.31 −0.84 0.84
NEI 0.60 −0.27 0.59 0.89 0.38 0.72 0.00
NS −0.43
NEL −0.33 0.66 −0.25 0.45 0.96 0.00
NS 0.56 0.33 0.52
BW 0.08NS −0.11 0.09 0.10 −0.06 0.00NS 0.00NS 0.00NS 0.53 0.19
1ECE = energy conversion efficiency; MEff = metabolic efficiency; FtW = feed to live-weight; KR = Kleiber ratio; REI = residual energy intake; 
REP = residual energy production; RIEP = residual intake and energy production; NEI = net energy intake.
NSCorrelation estimates do not differ (P > 0.05) from zero.
Table 4. Phenotypic correlations* between observations within 
lactation stages for the efficiency traits, energy balance (EB), net 
energy intake (NEI), and NEL
Trait1  DIM stage
Within lactation
91–180 DIM >180 DIM
EB 8–90 0.11 0.22
 91–180  0.09
ECE 8–90 0.16 0.13
 91–180  0.04
MEff 8–90 0.08 0.17
 91–180  0.07
Ftw 8–90 0.29 0.34
 91–180  0.43
KR 8–90 0.57 0.57
 91–180  0.73
REI 8–90 0.19 0.23
 91–180  0.12
REP 8–90 0.42 0.49
 91–180  0.46
NEI 8–90 0.28 0.34
 91–180  0.59
NEL 8–90 0.45 0.62
 91–180  0.77
1ECE = energy conversion efficiency; MEff = metabolic efficiency; 
FtW = feed to live-weight; KR = Kleiber ratio; REI = residual energy 
intake; REP = residual energy production.
*All correlation estimates differed (P < 0.001) from 1.
Table 5. Phenotypic correlations* between observations across parity 




Parity 2 Parity ≥3
EB 1 0.22 0.07
 2  0.06
ECE 2 0.18 0.02
 3  0.03
MEff 2 0.23 0.04
 3  0.02
FtW 2 0.35 0.27
 3  0.47
KR 2 0.73 0.44
 3  0.59
REI 1 0.23 0.13
 2  0.23
REP 1 0.55 0.40
 2  0.42
NEI 1 0.49 0.34
 2  0.44
NEL 1 0.78 0.51
 2  0.63
1ECE = energy conversion efficiency; MEff = metabolic efficiency; 
FtW = feed to live-weight; KR = Kleiber ratio; REI = residual energy 
intake; REP = residual energy production.
*All correlation estimates differed (P < 0.001) from 1.
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quarters of the average feed intake of an Irish dairy cow 
for a typical 305-d lactation (Berry et al., 2006).
The association between EB, ECE, REI, NEI, and 
BW and the ECE category (i.e., high and low 10%) 
was dependent on lactation stage; however, the asso-
ciation between NEL and the ECE category (i.e., high 
and low 10%) was not dependent on lactation stage. 
Supplementary Figure S1 (https:// doi .org/ 10 .3168/ jds 
.2017 -12841) depicts the least squares means of EB, 
ECE, and REI of either the lowest 10% of lactations (n 
= 62; least efficient) and highest 10% of lactations (n = 
62; most efficient) ranked on ECE. The highest ranking 
Table 6. Phenotypic correlations among the efficiency traits, energy balance (EB), and net energy intake (NEI) across lactation stages and 
parities1
Trait
8–90 DIM  91–180 DIM  >180 DIM
ECE EB REI REP  ECE EB REI REP  ECE EB REI REP
Parity 1
 EB −0.91a     −0.90a     −0.66a    
 REI −0.72a 0.81a    −0.74a 0.93a    −0.60a 0.90a   
 REP 0.59a −0.45a −0.52a   0.78a −0.60a −0.41a   0.82a −0.50a −0.33a  
 NEI −0.66
a 0.80a 0.82a −0.03a  −0.38a 0.66a 0.83a −0.01a  −0.25a 0.71a 0.89a −0.01a
Parity 2
 EB −0.92a     −0.91a     −0.68a    
 REI −0.77b 0.88b    −0.73a 0.93a    −0.59a 0.91a   
 REP 0.65a −0.61b −0.48a   0.82b −0.63a −0.39a   0.85a −0.45a −0.26a  
 NEI −0.66
a 0.72a 0.87b −0.09a  −0.30b 0.61b 0.83a 0.03a  −0.23a 0.76b 0.90a 0.05a
Parity ≥3
 EB −0.96b     −0.90a     −0.71b    
 REI −0.75b 0.89b    −0.74a 0.94a    −0.59a 0.90a   
 REP 0.66a −0.59b −0.40a   0.82b −0.64a −0.44a   0.88b −0.57b −0.34a  
 NEI −0.65
a 0.68a 0.81a −0.03a  −0.39a 0.69a 0.86b −0.03a  −0.18b 0.66c 0.87a 0.04a
a–cCorrelation estimates across parity within stage differ (P < 0.05) from each other.
1ECE = energy conversion efficiency; REI = residual energy intake; REP = residual energy production.
Figure 4. Least squares means across stage of lactation for the highest (n = 62) and lowest (n = 62) 10% of lactations for residual energy 
intake. Shaded symbols illustrate the highest 10% (i.e., inefficient lactations) of lactations, and unshaded symbols illustrate the lowest 10% 
(i.e., efficient lactations) of lactations for energy balance [unité fourragère lait (UFL)/d; —▲Δ—], energy conversion efficiency (—■□—), and 
residual energy intake (UFL/d; —●○—). The errors bars represent SE.
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lactations on ECE (i.e., most efficient) consumed, on 
average, 15.66 UFL/d, which was less when compared 
with the lowest ranking lactations on ECE, which, on 
average, consumed 16.62 UFL/d. The highest ranking 
lactations on ECE were, on average, in more negative 
EB when compared with the lowest ranking lactations 
on ECE (Supplemental Figure S1; https:// doi .org/ 10 
.3168/ jds .2017 -12841).
Effect of Genetic Selection for Feed  
Intake and Efficiency
Least squares means, standard error of the differ-
ence, and significance of the efficiency traits and the 
production traits for cows divergent on EBV for ECE, 
REI, and REP are in Table 7. The association between 
EBV stratum and each of the feed efficiency and per-
formance metrics did not differ (P > 0.05) by lactation 
stage; therefore, only the least squares means averaged 
across all stages of lactation are presented (Table 7). 
The stratum of cows genetically predisposed to have 
lower REI (i.e., more efficient) consumed 0.59 UFL/d 
(P < 0.01) less NEI and were in more negative EB 
(P < 0.001) than their lowest ranked contemporaries 
(Table 7). The EBV difference between the top and 
bottom ranked stratum of cows divergent on REP was 
0.31 UFL/d (P < 0.001). The top ranked EBV cows 
divergent on REP produced 0.65 UFL/d (P < 0.0001) 
more NEL compared with the lowest ranked REP cows 
(Table 7).
Least squares means, standard error of the difference, 
and significance of the efficiency and production traits 
for cows divergent on EBV for NEI and RIEP are in 
Supplemental Table S1 (https:// doi .org/ 10 .3168/ jds 
.2017 -12841). The EBV difference between the top and 
bottom ranked cows divergent on NEI was 0.51 UFL/d 
(P < 0.001). The stratum of cows genetically predis-
posed to have greater NEI consumed 0.55 UFL/d (P < 
0.01) more and were 2.81 kg0.75/d (P < 0.001) heavier 
than their lowest ranked contemporaries (Supplemental 
Table S1; https:// doi .org/ 10 .3168/ jds .2017 -12841). 
Animals divergent on genetic merit for NEI did not 
differ (P > 0.05) in any of the efficiency traits. The 
EBV difference between the top and bottom ranked 
stratum of cows divergent on RIEP was 0.34 UFL/d 
(P < 0.001). The top ranked EBV cows divergent on 
RIEP consumed 0.92 UFL/d (P < 0.0001) less NEI, 
and produced 0.57 UFL/d (P < 0.0001) more NEL. 
Additionally, the top ranked stratum of cows divergent 
on RIEP had both greater ECE and REP (P < 0.0001), 
and had lower REI (P < 0.0001) compared with the 
lowest ranked RIEP cows (Supplemental Table S1; 
https:// doi .org/ 10 .3168/ jds .2017 -12841).
DISCUSSION
Many livestock industries including beef, swine, fish, 
and poultry either implicitly or explicitly include some 
component(s) of net feed efficiency in their breeding 
goals. The dairy industry, however, has been slow to ex-
plicitly include the feed intake and utilization complex 
in their breeding goals (Van der Werf, 2004; Berry and 
Crowley, 2013). This is primarily attributable to a lack 
of accurate feed intake data on commercial animals, but 
Table 7. Least squares means, standard error of the difference (SED), and significance of the efficiency and production traits for cows divergent 







High Low SED High Low SED High Low SED
EBV,2 UFL/d 0.01 −0.004 0.0004***   0.16 −0.10 0.01***   0.19 −0.12 0.01***
EB, UFL/d 1.46 1.59 0.19   1.73 1.34 0.19*   1.63 1.28 0.19
ECE 0.57 0.55 0.01*   0.55 0.57 0.01   0.57 0.56 0.01
MEff, UFL/kg0.75 0.07 0.07 0.002   0.08 0.07 0.002   0.07 0.07 0.002
FtW, UFL/kg0.75 0.17 0.16 0.002*   0.16 0.16 0.002   0.17 0.16 0.002*
KR, UFL/kg0.75 0.09 0.09 0.001   0.09 0.09 0.001   0.09 0.08 0.001*
REI, UFL/d 1.15 1.13 0.19   1.32 0.94 0.19*   1.36 0.75 0.19***
REP, UFL/d 0.05 −0.47 0.11***   −0.26 −0.18 0.11   0.02 −0.64 0.10**
RIEP, UFL/d −0.44 −0.77 0.13*   −0.71 −0.50 0.13   −0.55 −0.73 0.13
NEI, UFL/d 17.09 17.28 0.21   17.38 16.79 0.20*   17.44 17.08 0.20*
NEL, UFL/d 9.59 9.34 0.12*   9.48 9.40 0.11   9.68 9.03 0.11***
BW0.75, kg0.75 103.11 107.32 0.61**   104.25 103.89 0.60   105.68 107.74 0.59
BCS, scale 1 to 5 2.97 2.96 0.01   2.95 2.91 0.01   3.00 2.96 0.01
Reliability, % 11.01 12.03 0.01   9.85 8.54 0.01   8.85 7.54 0.01
1EB = energy balance; ECE = energy conversion efficiency; MEff = metabolic efficiency; FtW = feed to live-weight; KR = Kleiber ratio; REI 
= residual energy intake; REP = residual energy production; RIEP = residual intake and energy production; NEI = net energy intake; UFL = 
unité fourragère lait; BW0.75 = metabolic BW.
2EBV for animals segregated on ECE is unitless.
*P < 0.05; **P < 0.01; ***P < 0.001.
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also a lack of consistency in defining the most appropri-
ate definition of the feed intake and utilization complex. 
With the expected volatility in future global milk price, 
one approach to maintaining resilience without neces-
sarily sacrificing milk yield output is through enhanced 
feed efficiency. The objective of the present study was 
to investigate the inter- and intra-relationships within 
and among alternative feed efficiency metrics across 
different stages of lactation and parities; the expected 
effect of genetic selection for efficiency on the resulting 
phenotypic lactation profiles was also quantified.
Results from the present study indicate that suffi-
cient genetic variability exists in the different efficiency 
traits investigated as evident by the genetic coefficient 
of variation, which ranged from 2.64% (REI) to 11.11% 
(KR). The fact that the (co)variation within and 
among the alternative efficiency metrics differ across 
parity and lactation stages suggests that not only are 
the efficiency traits all measuring different aspects of 
efficiency, but these relationships are not consistent 
across time. Nonetheless, the change in phenotypic (co)
variances within and among traits for different life stag-
es corroborate similar phenomena reported by Hurley 
et al. (2017) at a genetic level. This therefore suggests 
that the change in (co)variances across time is at least 
partly due to genetics. The phenotypic performance of 
cows genetically predisposed to have lower REI (i.e., 
more efficient) was that they consumed less NEI but 
were also in much greater negative EB, particularly in 
early lactation, relative to their genetically less efficient 
contemporaries. To the best of our knowledge, this is 
the first study that has illustrated the implications 
on phenotypic performance of selecting dairy cows 
genetically divergent for efficiency; results clearly dem-
onstrated that phenotypic differences in feed intake and 
efficiency can be achieved through genetic selection.
Correlations Within Traits
Most studies investigating REI and other measures 
of efficiency in dairy cows assume that feed efficiency is 
phenotypically the same trait across lactation (Parke et 
al., 1999; Zamani et al., 2008; Manafiazar et al., 2016). 
Results from the present study, however, call this ap-
proach into question. In the present study, the fact that 
(correlations were less than unity) weak phenotypic 
correlations existed within almost all efficiency traits, 
both across parities and lactation stages, suggests that 
the efficiency traits need to be recorded across an entire 
lactation to monitor feed efficiency at a cow level. With 
the exception of KR, the observed weak phenotypic 
correlation within each efficiency trait across time is 
in direct contrast to the generally strong within-trait 
phenotypic correlation for the production traits evalu-
ated in the present study (Table 4 and 5). The observed 
weaker phenotypic correlations for the composite effi-
ciency traits could be due to the underlying physiologi-
cal changes the cow is undergoing throughout lactation 
(e.g., underlying milk compositional changes) and its 
effect on the partitioning of NEI into the different com-
ponents at these lactation stages.
Namkoong (1985) stated that correlations of unity 
within the same component trait across environments 
can still result in re-ranking of cows for an index trait 
(e.g., REI) if the variance of the component traits in 
the environments differs. The strong phenotypic cor-
relations between BW across parities and lactation 
stages, along with the similar variance for BW across 
time, suggests BW is unlikely to be contributing to the 
change in (co)variation of the index traits (i.e., traits 
that are a mathematical combination of other traits) 
such as REI, REP, and RIEP to change across time. In 
the present study, the moderate to strong phenotypic 
correlations and the differing variances for both NEL 
and NEI across time suggests, therefore, that NEL and 
NEI are more likely contributors to the observed re-
ranking of the index traits across time.
Correlations Between Traits
Several studies have documented the inter-relation-
ships among different measures of feed efficiency, but 
such estimates were based on lactation average perfor-
mance and were not undertaken by lactation stage or 
by parity (Connor et al., 2013; Manafiazar et al., 2016; 
Manzanilla-Pech et al., 2016). Results from the present 
study suggest that although phenotypic correlations 
among the efficiency traits, EB, and NEI estimated 
across the entire lactation (Table 3) are in general 
agreement with previous studies (Connor et al., 2013; 
Manafiazar et al., 2016), these pairwise correlations did 
in fact change both by stage of lactation and by parity. 
For example, the strong phenotypic correlation between 
REI and EB for early lactation cows in parity 3 or 
greater (0.89) was weaker (P < 0.05) for parity 1 cows 
at the same lactation stage (0.81). This phenomenon 
is probably due to primiparous cows also using the in-
gested energy for growth (Berry et al., 2004; Coffey et 
al., 2006).
The pairwise phenotypic correlation structure among 
the different traits investigated across the productive 
life generally varied more by stage of lactation than 
by parity. For example, the maximum difference in the 
correlation between EB and ECE across parities was 
never greater than 0.05, but the maximum difference in 
the correlation between EB and ECE was 0.25 across 
lactation stages. This phenomenon suggests the physi-
ological mechanisms controlling feed efficiency across 
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lactation stages are much greater than those across 
parity. The phenotypic correlations between EB and 
ECE weakened from early to late lactation, suggest-
ing improved efficiency was associated with animals in 
more negative EB. The strong negative phenotypic cor-
relation between EB and ECE corroborates Spurlock 
et al. (2012) based on data from Holstein cows where 
NEI was measured for only the first half of lactation. As 
expected, REI and REP exhibited identical phenotypic 
correlations with their sum (RIEP). The strong pheno-
typic correlation between NEL with both ECE and KR 
suggests these traits were predominately influenced by 
NEL. The strong phenotypic correlation between MEff 
and EB was expected as EB is close to a linearization 
of MEff (Hurley et al., 2016).
Effect of Genetic Selection
The heritability estimates for the majority of the 
efficiency traits in the present study were in general 
agreement with several other studies on either TMR- 
or grass-fed lactating dairy cows (Ngwerume and 
Mao, 1992; Vallimont et al., 2011; Berry and Crowley, 
2013). The heritability estimate for REI in the pres-
ent study was nevertheless greater than the average 
of 0.04 reported by Berry and Crowley (2013) from a 
meta-analysis of the available literature on dairy and 
beef cows. Ample genetic variability existed for the 
different efficiency traits as evidenced in the present 
study by the coefficient of genetic variation, which was 
somewhat similar to the coefficient of genetic variation 
which existed for NEL (i.e., 6.74%). Therefore, genetic 
progress in efficiency is achievable given this genetic 
variability as evident by the genetic gains achieved in 
milk production with a similar coefficient of genetic 
variation (Berry, 2008).
To the best of our knowledge, the present study is 
the first to quantify the effect on phenotypic perfor-
mance of genetically selecting animals to be divergent 
for feed intake and efficiency based on parental average 
as would be the case in most breeding programs. Al-
though response to selection for a trait can be predicted 
using selection index theory (Smith, 1936), accurate 
predictions require a large population of phenotyped 
animals to accurately estimate the necessary genetic 
parameters. Nonetheless, in the absence of precise esti-
mates of the necessary genetic (co)variances, it is also 
possible to elucidate the response to selection through 
examination of phenotypic performance of animals 
divergent in genetic merit for the trait(s) of interest. 
Such a strategy could potentially be useful in lactating 
dairy cows where data are limited on some traits such 
as NEI, and this strategy is often adopted in controlled 
studies for different performance traits (Coffey et al., 
2003; Coleman et al., 2010).
Although, on average, the reliability of the lowest 
ranked cows (n = 79) divergent on REI (i.e., most effi-
cient) was low, the reliability of the mean of their EBV 
was 99%. The phenotypic difference in REI between 
the high and low ranked cows divergent on REI was 
0.38 UFL/d, which is slightly larger than the expecta-
tion of 0.26 UFL/d based on their mean EBV difference 
for REI. The difference in REI between the high and 
low ranked cows divergent on REI represented 2.30% of 
mean NEI (i.e., 16.55 UFL/d), whereas the difference in 
EBV between the high and low ranked cows divergent 
on REI was less, representing 1.57% of mean NEI. This 
clearly illustrates that the variability in REI is small, 
even though the cows on trial were an unselected popu-
lation but represented considerable genetic diversity 
with the Holstein-Friesians used originating from many 
different countries (McCarthy et al., 2007; Coleman et 
al., 2010). Nonetheless, there is scope for selecting on 
REI as evidenced by the genetic standard deviation 
(0.44 UFL/d) and the observed response to selection.
The phenotypic difference in NEI between the 
high and low ranked cows divergent on REI was 0.59 
UFL/d. Therefore, assuming a cow remains in the herd 
for, on average, 4 lactations, over 365 d, this translates 
to an estimated saving of €67.19 (assuming a cost of 
€0.078/UFL; Finneran et al., 2010). The potential 
extra revenue generated is close to €17 million over 
a 365-d period per million dairy cows. The value of 
REI has previously been quantified in Australia using 
selection index theory; results illustrate that residual 
feed intake contributed approximately 3% per year of 
the genetic gain for extra profit, which was documented 
to be worth an estimated AUS$0.55M to the industry 
per year (Gonzalez-Recio et al., 2014). Cows ranked 
divergent on REI were also more efficient with higher 
ECE compared with their less efficient counterparts, 
although no differences in MEff, FtW, and KR existed 
between both groups.
Although many studies (Herd and Arthur, 2009; 
Crowley et al., 2010) proposed selecting for more nega-
tive REI (i.e., more efficient), results from the present 
study suggest that selection on negative REI alone will 
result in cows that are in greater negative EB, espe-
cially in early lactation. The implication of negative EB 
on health and fitness traits, including fertility, has been 
well documented (Beam and Butler, 1999; Collard et 
al., 2000; De Vries and Veerkamp, 2000). Nonetheless, 
such repercussions of negative EB do not imply that 
selection for negative REI should not be practiced, but 
instead should be undertaken within the framework of 
a balanced breeding objective that includes traits such 
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as reproduction and health (Berry and Crowley, 2013). 
Moreover, (some of) the strong relationship observed 
in the present study between REI and EB could simply 
be a statistical artifact of the mathematical definition 
of both REI and EB in the present study; the use of 
many of same parameters in the definition of both 
traits imply a part-whole relationship, thus contribut-
ing to a statistical relationship. Whether the relation-
ships heretofore reported between EB with both health 
and fertility (Beam and Butler, 1999; Collard et al., 
2000; De Vries and Veerkamp, 2000) also exist for REI 
remains largely unknown.
The phenotypic difference in REP between the high 
and low ranked cows divergent on REP was 0.66 UFL/d, 
which is double the expectation of 0.31 UFL/d based on 
the mean difference in EBV for REP between the diver-
gent cows. The difference in REP between the high and 
low ranked cows divergent on REP represented 6.78% 
of mean NEL (i.e., 9.59 UFL/d), whereas the difference 
in EBV between the high and low ranked cows diver-
gent on REP represented 3.23% of mean NEL. These 
results suggest considerably greater variability exists in 
REP compared with REI, which was substantiated by 
the coefficient of genetic variation for REP (i.e., 4.73%) 
being almost twice as large as the coefficient of genetic 
variation for REI (i.e., 2.64%).
CONCLUSIONS
Results from the present study suggest that caution 
should be demonstrated when accessing the inter- and 
intra-relationships among alternative feed efficiency 
metrics on a per lactation basis because these do vary 
both across parities and across lactation stages, or at 
the very least when presenting such correlations, from 
where the data originates should be made clear. This 
is the first study to comprehensively describe the im-
plications on phenotypic performance from lactating 
dairy cows genetically diverse for efficiency measures. 
Results clearly show that phenotypic differences in feed 
intake and efficiency can be achieved through genetic 
selection; of course the results reported within are only 
applicable to the population used in the present study, 
which was based on an extensive production system 
where the basal cow diet consisted predominantly of 
in situ grazed grass. Given the need to increase the 
production of several important agricultural commodi-
ties, including milk, REI, or REP could offer possible 
effective solutions to increase production efficiency. 
Nonetheless, genetic correlations with the feed intake 
and utilization complex with both reproduction and 
health traits need to be estimated before possible con-
sideration in any breeding program.
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